Introduction

29
World-wide, producers used approximately 109 million tons of nitrogen (N) fertilizer in 2014 30 [1] . Of that amount, more than 5 million tons are used for Maize (Zea mays L.) production in the U.S.
31
[2]. Nitrogen is the macronutrient required in the greatest amount by the maize crop with uptake 32 values measured at 280 kg N ha -1 for a crop producing 14.4 Mg ha -1 of grain [3] . Although 33 supplemental N fertilizer is often necessary to increase maize grain yield, N fertilizer consumption 34 has remained constant in the U.S. for the last 20 years [1] . The maize yield increases observed,
35
despite the constant N fertilizer consumption in the United States during the last two decades, were 36 a result of both genetic improvement and better agronomic practices [4] . In contrast, in some regions, 37 such as sub-Saharan Africa, limited N fertilizer use and soil availability prevent achieving yields 38 similar to the United States [5] . The world population growth will require increased grain 39 production and therefore more N fertilizer efficiency will be necessary to meet the world's demand 40 [6] . Innovative agricultural technologies such as new N fertilizer sources, precision agriculture, and 41 crop genetic improvement will be important to increase nitrogen use efficiency in maize production crop). In addition, NUE is a complex phenotypic trait influenced by several plant physiological were genotyped using the genotype-by-sequencing method [22] 
102
Genomics, Urbana, IL) and single-nucleotide-polymorphism (SNP) data were called using the GBS 103 pipeline in TASSEL 3.0 [23] . Minor allele frequency cutoff was set to 10%, and SNPs with more than 104 50% missing data were removed. A total of 26,769 SNPs were used for the analyses.
105
Discriminant analysis of principal components (DAPC) was performed for all inbred lines 106 using the Adegenet package [24] in R Studio [25] . Since pedigrees from ex-PVP's are often vague
107
[18], DAPC is well suited to define genetic clusters in these situations [24] . Genotyping revealed that 108 the ex-PVP germplasm used in this study was composed of 36 stiff-stalk synthetic (SSS) lines and 53 
184
Shelled grain weights from the ears sampled at R6 were combined with the remaining plot grain 185 weight for yield determination.
186
In combination with grain yield and plant N content, NUE, N-uptake efficiency (NUpE),
187
N-utilization efficiency (NUtE), harvest index (HI), and N-harvest index (NHI) were calculated 188 according to Equations 1-7, with the expressed units shown:
190
191
192 HI+N = (kg grain+N plant -1 )/(kg dry weight+N plant -1 )= kg kg -1 ,
193
195 
Statistical Analysis
207
Since there is a weak correlation between the performances of inbred parents and their hybrid 208 progeny's performance for NUE [28] , the effects of general combining ability (GCA) and specific
209
combining ability (SCA) of inbreds were evaluated using a random combination of ex-PVP hybrids.
210
Moreover, the genetic variance and covariances between hybrids were calculated separately for each 216
217
where Yijklm is the m th observation of the kl th hybrid in the j th block in the i th environment; μ is the 218 grand mean, Ei is the random effect of i th environment (i=1 to 8); Bj(i) is the random effect of j th block 219 nested within the i th environment (j=1 to 3); Sk is the GCA effect of k th SSS inbred (k=1 to 36); Nl is the 220 random GCA effect of l th NSSS inbred (l=1 to 53); SNkl is the SCA effect of kl th hybrid (kl=1 to 522).;
221
ESik is the random environment by SSS interaction; ENil is the random environment by NSSS 
229
where EBVkl is the estimated breeding value of kl th hybrid; μ is the grand mean; GCAk is the GCA the mean performance of its progeny [32] and is a widely-used measurement in maize breeding
233
programs for the selection of superior genotypes.
239
where SE is the standard error of the inbred GCA, F is the inbreeding coefficient of the individual
240
(assumed to be zero), and σA 2 is the additive variance component of the heterotic group (SSS or 241 NSSS). 
253
The relative importance of the genotypic and phenotypic variation to broad-sense heritability 254 was dependent on the N-use trait and the N fertilizer rate ( 
364
In the SSS cluster, groups 1A and 1B exhibited unique characteristics with the lowest Yield-N 365 and the lowest Yield+N, respectively (Table 3) . Group 1A also exhibited high grain protein 366 concentration (under low and high N conditions), NUE, and NUpE, but the lowest GU within the 367 SSS group. In contrast, groups 1B and 1C exhibited high Yield-N, but group 1B had the highest GU.
368
Lastly, group 1D exhibited high Yield+N, NUE, and NUtE, while group 1E had average performance 
401
This hybrid also combined above average EBV for HI and GU, and below average EBV for NUE and 
